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Abstract: We propose a scheme for detecting single microwave photons using dipole-induced
transparency (DIT) in an optical cavity resonantly coupled to a spin-selective transition of a negatively
charged nitrogen-vacancy (NV−) defect in diamond crystal lattices. In this scheme, the microwave
photons control the interaction of the optical cavity with the NV− center by addressing the spin
state of the defect. The spin, in turn, is measured with high fidelity by counting the number of
reflected photons when the cavity is probed by resonant laser light. To evaluate the performance
of the proposed scheme, we derive the governing master equation and solve it through both direct
integration and the Monte Carlo approach. Using these numerical simulations, we then investigate the
effects of different parameters on the detection performance and find their corresponding optimized
values. Our results indicate that detection efficiencies approaching 90% and fidelities exceeding 90%
could be achieved when using realistic optical and microwave cavity parameters.

Keywords: single microwave photon detection; nitrogen-vacancy centers; dipole-induced transparency;
Monte Carlo simulations

1. Introduction

As a prerequisite to a broad range of quantum technologies, the realization of highly
efficient single-photon detectors has been an interesting research topic for a long time and
since the emergence of quantum optics. The detection of microwave photons, which, due to
their ultra-small quanta of energy, are typically overwhelmed by the background thermal
noise, is a further challenge compared to their optical counterparts. Additionally, there has
been a growing demand in recent years for high-fidelity single-photon detectors, which are
able to meet the minimum requirements put forward by quantum information processing
and quantum cryptography applications. This necessitates detectors with very low dark
count rates and an efficiency of close to 100%. In the optical regime, photon detectors of
various types, including avalanche photodiodes (APDs), photomultiplier tubes (PMTs), and
superconducting nanowire single-photon detectors (SNSPDs), are commercially available
and commonly used in experimental setups for applications ranging from fluorescence
spectroscopy [1] to quantum key distribution [2]. However, these detectors are limited
to operating in the frequency range of hundreds of terahertz and leave the detection
of microwave photons as a remaining challenge. As a result, microwave detectors are
increasingly desired, as they find applications in circuit quantum electrodynamic [3] and
hybrid quantum information processing systems [4], searching for dark matter axions that
require detection techniques in the 5 to 500 GHz range [5], and quantum radar [6].

The main challenge with the efficient detection of microwave photons stems from the
ultra-small amount of energy quanta in the microwave domain, which can be up to five or-
ders of magnitude smaller than the energy of an optical photon. Consequently, the efficient
amplification of single microwave photons, whose energy is comparable to the background
noise, even at low temperatures, is impossible with linear amplifiers [7]. In order to fill in
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this gap, several nonlinear proposals for detection in the sub-terahertz domain have been
put forth by researchers in recent years. These proposed detectors can be broadly divided
into three general categories, including superconducting detectors, opto-electromechanical
detectors, and quantum dot detectors. Superconducting circuits can be regarded as the
most mature platform for photon detection in microwave regimes. Most microwave pho-
ton detectors experimentally tested, according to the literature, belong to this category.
There are proposals based on current-biased Josephson junctions (CBJJ), which can detect
propagating microwave photons [8]. The incoming photon, in these detectors, switches
the junction from the superconducting state to the resistive state, resulting in a voltage
drop across the junction that can then be classically measured. Since the excitation is lost
during the detection process, this detection scheme is considered destructive. Furthermore,
superconducting qubits have been successfully employed for the quantum nondemolition
(QND) measurement of microwave signals resulting in the non-destructive detection of
incoming photons. These schemes mostly comprise a superconducting transmon as a
three-level quantum system in a transmission line [9]. The microwave photon excites the
transmon to an intermediate energy level, triggering its interaction with the probe field.
The output field is then monitored by a homodyne detector, based on which the presence
of a microwave photon is inferred. Using a flux qubit that is dispersively coupled to a
coplanar waveguide (CPW), a detection efficiency of 66% and reset time of 400 ns have been
experimentally attained in recent work [10]. By increasing the number of superconducting
qubits in the detector design, measurement fidelity can be increased to over 90% [11].

In opto-electromechanical devices, detection is achieved by photon transduction from
the microwave to the optical domain, mediated by a mechanical resonator, which induces a
strong coupling between different resonating fields [12]. The coupling is based on the inter-
action of microwave and optical photons with phononic modes of the mechanical resonator
through radiation pressure. In order to have a strong coupling between different modes,
the mechanical–thermal noise needs to be minimized in this type of detector [13]. Calcu-
lated performance parameters render these devices a potential candidate for microwave
detection; however, they have not been tested experimentally and proven yet. There are
also proposals for semiconductor detectors based on double quantum dots (DQDs) coupled
to high-quality factor resonators [14]. One significant advantage of using DQDs in this
application is their high tunability through external gate potentials, which makes photon
detection in a broad range of frequencies possible. In these sensors, the absorption of
microwave photons excites the transition of electrons between the DQDs’ energy levels,
which, in turn, results in a change in conductivity. To measure the conductivity, fast charge
sensors are needed, which can be realized by capacitively coupling the quantum point con-
tacts (QPCs) to the quantum dot. This type of detector can offer coherence and relaxation
times shorter than the detectors based on superconducting qubits [15].

At the same time, solid-state artificial atoms have attracted a large interest among vari-
ous qubit implementations due to their potential for high scalability and easy integration
with electronic circuits. One leading platform of this category is the nitrogen-vacancy (NV)
center, a point defect in diamond lattice [16]. Long coherence times, even at room tempera-
ture, together with all-optical spin initialization, control and readout capability have made
the NV center a promising candidate for many quantum technology applications, including
quantum information [17], quantum metrology [18], and quantum spectroscopy [19]. In
this article, we introduce a detection scheme for microwave photons based on negatively
charged NV centers coupled to optical and microwave cavities. The optical cavity is cou-
pled to a spin-selective transition of the defect, while the electronic spin itself interacts with
the microwave cavity field. In this way, the presence of a photon in the microwave cavity
can be detected by probing the change in transmissivity of the optical cavity due to the
dipole-induced transparency (DIT) effect. We conduct a proof-of-principle simulation study
based on a five-energy-level model for the NV center and use the simulation results to
investigate the performance of the device under realistic conditions that include imperfect
optical photon detection efficiency. We study the effects of different system parameters on
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the detector’s figures of merit, such as fidelity and efficiency, and extract the optimized
values of these parameters under practical limitations.

2. Theoretical Model

Nitrogen-vacancy (NV) centers are point defects in diamond crystal lattice, which
occur when a nitrogen atom substitutes for a carbon atom and the neighboring site is
left empty. They can be realized either during the crystal growth process by introducing
nitrogen gas into the chamber or through post-growth methods, such as ion implantation
and electron-beam irradiation [20]. There are two charge states of NV centers, neutral (NV0)
and negative (NV−), where the latter exhibits unique spin-dependent photodynamics and
will be referred to simply as the NV center in this paper. In the energy level structure
predicted by a six-electron model of the NV center, there are two ground and excited
spin-triplet states and one metastable singlet state. With no externally applied magnetic
field, the spin states ms = ±1 are degenerate and separated from ms = 0 with a zero-field
splitting at 2.87 GHz [21]. Moreover, as an important feature, the transition between the
ground and excited triplets in an NV center is highly spin-preserving and spin mixing
occurs mostly when the system decays through the metastable state.

Figure 1 shows the schematics of the proposed detector comprising an NV center
coupled to two cavities: one at an optical frequency (orange) and the other one at a
microwave frequency (blue). A five-energy-level model is used for the NV center where |g〉
(|s〉) and |d〉 (|e〉) are the ground and excited triplets with spin ms = 0 (+1), respectively, and
| f 〉 is the metastable singlet state. The optical cavity is coupled to the |g〉 ↔ |d〉 transition,
as it has only 1% decay through the metastable state, as compared to the 38% from the
ms = +1 transition (the |s〉 to |e〉 transition). That is because, in the former case, the NV
center interacts longer with the optical cavity before the population accumulates in the
metastable state. This results in a higher number of blocked photons and, consequently,
a higher contrast of the detector according to the detection scheme explained below. At
the same time, photons in the microwave cavity resonate with the electronic spin of the
ground states by exciting the |g〉 ↔ |s〉 transition. The transmissivity of the optical cavity is
measured by illuminating the cavity with a coherent probe laser of frequency ωd and drive
strength Ω, determined by the power of the incident laser and its coupling efficiency into
the cavity. Because of the DIT phenomenon [22], the measured transmissivity of the optical
cavity now depends on whether the cavity interacts with the NV center inside of it or not,
which, in turn, is a function of the NV spin state. Consider an NV center initially in state
|g〉. If no microwave photon is present, the NV center will remain in the |g〉 state. This will
cause the cavity spectrum to split, which will block the transmission of resonant photons
through the cavity. When a microwave photon is present, the NV spin switches, exciting
the NV into the |s〉 state, which has a much weaker coupling to the cavity. The optical cavity
will appear empty and resonant photons will be transmitted. Thus, by measuring either
the blocked or transmitted optical photons, we can detect a single microwave photon.

Before further discussion, it is worth mentioning that a similar scheme, including NV
centers coupled to two cavity modes, has been investigated in the literature for microwave-
to-optical transduction in the quantum regime [23,24]. The proposed idea relies on the NV
centers to enable a Raman-based coherent transfer of quantum states between different
cavities within the system. While these devices can be efficiently used to interconnect
distant quantum computers or for qubit storage and retrieval, they may be seen as over-
engineered for the specific application of photon detection, where the qubit decoherence is
not of concern. Compared to those works, the present scheme in this paper enjoys more
simplicity in the design and fabrication, as it has no need for external control beams or
accurate magnetic fields. Additionally, as will be evidenced by the results, the DIT process
employed in this study leads to a lower sensitivity of the device to an imperfect efficiency



Materials 2023, 16, 3274 4 of 14

of the optical detector and coherence properties of the system. The total Hamiltonian of the
system in a rotating frame can be written as follows:

H0/} = ∆dg|d〉〈d|+ ∆e|e〉〈e|+ ∆a
(
a†a
)
+ ∆b

(
b†b
)

Hint/} = ga
(
a|e〉〈s|+ a†|s〉〈e|

)
+ ga

(
a|d〉〈g|+ a†|g〉〈d|

)
+ gb

(
b|s〉〈g|+ b†|g〉〈s|

)
Hdrive/} = Ω

(
a† + a

)
H = H0 + Hint + Hdrive

(1)

where it has been transformed using the following rotating frame unitary:

U = exp
(

it
[
ωd

(
a†a + |d〉〈d|

)
+
(
ωsg + ωd

)
(|e〉〈e|) + ωsg

(
|s〉〈s|+ b†b

)])
(2)
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Figure 1. (a) Proposed scheme for the detector with a five-level NV center coupled to two cavities; (b)
illustration of a potential realization of the proposed device using coplanar waveguide (CPW) and a
Fabry–Perot cavity.

As can be seen in this equation, the total interaction Hamiltonian is the sum of the
interaction energies between the quantum system and different cavity fields. A similar
scenario can also occur in other systems, where the quantum emitter is coupled to multiple
cavity modes, such as bimodal cavities [25–29] or magnonic systems [30–32]. The detuning
parameters used in Equation (1) are defined as ∆dg = ωdg − ωd, ∆e = ωe − ωsg − ωd,
∆a = ωa −ωd, and ∆b = ωb −ωsg. In the notation used, a and b are photon annihilation
operators of the optical and microwave cavities, respectively. Moreover, ωa, ωb, ga, gb, κa,
and κb are their corresponding resonance frequencies, coupling constants, and decay rates.
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It is worth noting that the Hamiltonian in Equation (1) is essentially composed of
three Jaynes–Cummings Hamiltonians, where each can be proved to conserve the angular
momentum in the z-direction for the case of a spherically symmetric atom. However, this
may be violated in our case, where there are multiple transitions of a single emitter coupled
simultaneously to the cavity system, and, additionally, the emitter is an NV center with a
trigonal pyramidal (C3V) symmetry instead of a spherical one. To investigate it in more
detail, we can consider transitions coupled to the optical and microwave cavities separately.
Regarding the optical domain transitions, we know that they are highly spin-conserving in
the NV centers [33] and, thus, are activated by unpolarized photons inside the optical cavity.
Therefore, provided that the effect of this trigonal symmetry is brought into account in the
coupling factors of different transitions, considering the orientation of the NV axis with
respect to the cavity field, the Hamiltonian can predict the dynamics of the emitter-cavity
system and conserves the angular momentum at the same time. However, in the case of
spin-flipping microwave transitions between different ground states, depending on the
orientation of the NV axis with respect to both the cavity field and the crystal lattice, the
angular momentum conservation may be violated when the phononic interaction inside
the solid-state material is neglected. In this study, the results are presented for a broad
range of cavity parameters that agree with previous experimental works. Therefore, while
these phononic interactions can affect the agreement of experimental measurement and
theoretically predicted coupling parameters under different excitation conditions, they
do not undermine the overall validity of the results presented in this paper. As an open
quantum system, the dynamics of the device can be modeled using a Lindblad master
equation, which governs the evolution of the system density matrix ρ and is of the following
form [34]:

dρ(t)
dt

= − i
} [H, ρ(t)] + ∑

k

1
2

[
2Ckρ(t)C†

k − ρ(t)C†
k Ck − C†

k Ckρ(t)
]

(3)

where the Ck’s are standard collapse operators, which, in this case, bring into account
the population decay from both the excited and metastable states, pure dephasing of the
excited states, and cavity decay:

C1 =
√
(0.99)(0.99)Γd|g〉〈d| C2 =

√
(0.01)(0.99)Γd|s〉〈d|

C3 =
√
(0.01)Γd| f 〉〈d| C4 =

√
(0.99)(0.46)Γe|s〉〈e|

C5 =
√
(0.99)(0.46)Γe|g〉〈e| C6 =

√
(0.54)Γe| f 〉〈e|

C7 =
√
(0.99)Γ f |g〉〈 f | C8 =

√
(0.01)Γ f |s〉〈 f |

C9 =
√

γ|d〉〈d| C10 =
√

γ|e〉〈e|
C11 =

√
κaa C12 =

√
κbb

(4)

where Γx is the total population decay rate from state |x〉 and γ stands for the pure de-
phasing rate of the excited states. The numeric coefficients appearing in Equation (4) are
branching ratios that denote the probability of decay through each of the available quantum
channels. When using these branching ratios, it would be possible to define a separate
decay rate and, consequently, a separate collapse operator responsible for the system jump
through each decay channel. Therefore, C1, C2, and C3 account for the decay from |d〉
with a 1% chance of direct intersystem crossing to |s〉 and a 1% chance of decaying to the
metastable state. Similarly, C4, C5, and C6 account for the decay from |e〉. Additionally, C7
and C8 represent the decays out of the shelving state and C9 and C10 are the dephasing of
the excited states. Moreover, the photons’ decay out of the cavities is accounted for by C11
and C12. It should be noted, however, that the amount of intersystem crossing and decay to
the shelving state depends on the applied axial magnetic field Bz, and the above values are
for the case of Bz = 0 [35].

To obtain the results presented in the next section, we simulated the dynamics of the
proposed scheme by two different approaches, both implemented with the QuTiP package
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in Python. The first approach uses a direct numerical integration of the governing Lindblad
master equation for the Hamiltonian introduced in Equation (1). The second uses the
quantum trajectory approach based on the Monte Carlo wave function (MCWF) method.
The quantum jump or Monte Carlo wave function method is a member of a broad family
of stochastic techniques known as the quantum Monte Carlo (QMC) methods, widely used
in simulations of open quantum systems. The idea behind this strategy is to simulate the
time evolution of the wave function of a quantum system by using a statistical sampling
approach [36]. It is based on the interpretation of the wave function as a probability
amplitude and uses random sampling to estimate the time-dependent expectation values
of the observables of interest. In the MCWF simulation, the Lindblad master equation of
the system is divided into two parts, where the first part involves using a non-Hermitian
Hamiltonian to evolve the state vector of the system and calculate the probability of a
quantum jump at each step.The second part of the master equation includes one or more
collapse operators responsible for the interaction of the system with the environment and
is applied to the state vector whenever a jump occurs. Finally, the quantum state of the
system can be obtained by averaging over many of these calculated trajectories. It should
be noted that, although the MCWF method offers advantages for simulating large and
complex quantum systems, it is subject to certain assumptions and limitations. In particular,
the system is assumed to be weakly coupled to the environment so that the dynamics of
the system can be treated perturbatively, and it becomes computationally expensive as the
number of the quantum states of the system increases.

3. Results and Discussion

To obtain a realistic evaluation of the proposed detector scheme, we use cavity pa-
rameters that have been experimentally realized [37–43] or theoretically proposed [44] in
the existing literature. For the optical cavity, the cooperativity η is related to the Purcell
enhancement P by [45]:

η =
4g2

κΓ
= P

(
ΓZPL
Γ + γ

)
(5)

where Γ is the total longitudinal decay, ΓZPL is the decay into the zero-phonon line, and γ
is the dephasing rate. In terms of the longitudinal and coherence lifetimes, τ and τ∗, the
cooperativity is:

η = P
(

ε/τ

1/τ∗

)
(6)

where ε is the Debye–Waller factor, which is 0.03 for the NV centers [45]. Using lifetime
values of τ = 11.9 ns and τ∗ = 5.8 ns [46], the cooperativity is η = 0.015 P. Table 1 shows
the Purcell enhancement and corresponding cooperativities for a number of optical cavities
reported in the literature.

Table 1. Optical cavities for NV centers and their estimated cooperativities and quality factors.

Author Resonator Type Quality Factor Purcell Enhancement Estimated Cooperativity

Faraon et al. [37] Ring resonator 4× 103 10 0.15

Faraon et al. [38] PCC 3× 103 70 1.05

Janitz et al. [39] Fabry Perot 1× 106 20 0.3

Hausmann et al. [40] Nanobeam 6× 103 7 (expected 34) 0.105 (0.51)

Lee et al. [41] Nanobeam 2× 104 26 0.364

Gould et al. [42] PCC, GaP 8× 103 16 0.24

Barclay et al. [43] Ring resonator 3× 103 10 0.25



Materials 2023, 16, 3274 7 of 14

Based on the values in this table, the cooperativity is η = 0.4 with a quality factor of
Qa = 106 for the optical cavity parameters in most of our simulations. For the microwave
cavity coupled to the negatively charged NV centers in the diamond lattice, one feasible
option, according to the literature, is a coplanar waveguide (CPW) cavity [23,44,47]. In the
hybrid device proposed by Li et al., a microscale diamond beam with a single built-in NV
center is coupled to a CPW cavity [44]. The diamond beam couples to the cavity photons via
a dielectric interaction, and the motion of the beam couples to the spin through a magnetic
field gradient. Based on the predicted coupling strength and decay for this cavity, we used
a coupling constant of gb = 2π × 10 kHz and a quality factor of Qb = 106. Moreover, the
transition frequencies and decay rates of the NV center used in the simulations are given in
Table 2. The microwave and the optical cavities are assumed to be in resonance with their
respective transitions between the levels of the NV center.

Table 2. NV center parameters as used in our simulations.

Parameter Values

Optical transition, ωdg 2π × 470 THz

Microwave transition, ωsg 2π × 3.4 GHz

|d〉decay, Γd 1/(12 ns)

|e〉decay, Γe 1/(7.5 ns)

|s〉decay, Γs 2π × 21.2 Hz

After the microwave photon enters the cavity, it takes half a Rabi cycle (τ1/2 = π/(2gb),
where 2gb is the single-photon Rabi frequency) to excite the NV center into the |s〉 state.
The microwave cavity decay rate, κb, and the microwave cavity coupling constant, gb,
determine the population of the |s〉 state at time τ1/2. Since the transmissivity of the cavity
depends on the |g〉 state population, the performance of the detector is dominantly affected
by the microwave cavity parameters. The system experiences dissipation and decays as
exp[−(Γsg + κb)t/2]. Thus, we expect the population of |s〉 after half a Rabi cycle to be:

ρss = exp
[
−
(
Γsg + κb

)
π/4gb

]
(7)

The dependence of ρss on both gb and the microwave cavity decay rate κb is shown in
Figure 2.
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At t = τ1/2, a probe laser resonance with the optical cavity (∆a = 0) probes it with a
drive strength of Ωd = 0.3gb. This provides an expectation value of 0.001 optical cavity
photons in a steady state, minimizing the nonlinear effects that can undesirably affect the
performance. With this drive strength, the rate of transmitted photons through an empty
cavity is < 2× 106 photons/second; therefore, we do not expect to see the saturation of an
optical single-photon detector, such as a single-photon avalanche photodiode (SPAD) or a
superconducting nanowire single-photon detector (SNSPD).

Figure 3a shows the gain of the detector, defined as the number of blocked optical
photons as a function of the total number of illuminated photons or, equivalently, the
number of transmitted photons if the cavity was empty. As can be seen in this figure,
when there is no microwave photon, and the NV center is in the |g〉 state, it will block the
photons up to a saturation point. The saturation occurs as the population accumulates
in the shelving state with a considerably longer lifetime. As a microwave photon enters
the cavity, some of the population is excited into the |s〉 state and no longer interacts with
the optical cavity, resulting in a smaller number of blocked photons. As time goes on,
the NV center will be de-excited into the ground state, where it will block subsequent
photons. Moreover, due to this decay of the |s〉 state population, both cases, with and
without microwave photons, converge to an almost equal saturation level. The predicted
gain plotted in this figure is based on the scattering and transmission probabilities, which
on resonance are 2η/(1 + η)2 and 1/(1 + η)2, respectively, while bringing into account the
exponential decay of the |s〉 state population. The gain contrast is the difference between
the two plots in Figure 3a, allowing us to choose an appropriate number of incident photons.
The gain contrast is plotted in Figure 3b. The result of the Monte Carlo simulation for 100
incident photons is also presented in this figure and agrees well with the results from the
master equation integration approach. This number of incident photons provides a high
gain contrast with a reasonable simulation time.
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Figure 3. (a) Detector gain when a microwave photon is not present (blue) and when a microwave
photon is present (orange). The dots are the results of the Monte Carlo simulation, and the solid lines
are obtained by direct numerical integration of the master equation. (b) Gain contrast. The black
circle shows the gain contrast for 100 photons obtained by the Monte Carlo simulation.

To use this system as a microwave photon detector, we set a threshold value t for the
number of detected photons. If we detect more than t photons, we can say a microwave
photon exists. The detection fidelity

F = 1− 1
2
(ε0 + ε1) (8)

quantifies the performance of the detector, where ε0 and ε1 are the false negative and false
positive rates, respectively. The detection efficiency is the number of microwave photons
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successfully detected, corresponding to the true positive rate. These two parameters,
together with the signal-to-noise ratio (SNR), can be used to evaluate the performance of a
detector and are studied to investigate the performance of the proposed scheme. In this
single-photon detector based on an NV center in a microwave cavity, assuming that the
microwave photon can successfully reverse the NV spin and excite the whole population
to the |s〉 state, the fidelity of the detector will be the same as that of the spin readout
technique used [48]. For the proposed scheme in this paper, if we assume a cooperativity
of 0.4 and a perfect optical detector efficiency, the fidelity is F = 99.6% or SNR = 11.31.

To account for the effect of a non-ideal microwave cavity on the detector performance,
we can obtain a rough estimate of the predicted detection by looking at the probability that
the NV center is excited into the |s〉 state. We assume that the threshold value is equal to the
incident photon number (i.e., if 25 photons are injected and all 25 photons are transmitted,
one can conclude that a microwave photon is present). To estimate the readout fidelity, we
assume that the false positive rate is 0 and the false negative rate is the probability that a
microwave excitation fails. The estimates are shown in Figure 4.

Materials 2023, 16, x FOR PEER REVIEW  10 of 15 
 

 

 

Figure 4. Effects of the coupling,  bg , and quality factor,  bQ , of the microwave cavity: (a) Estimated 

detection efficiency  for a range of microwave cavity couplings and quality  factors,  (b) estimated 

detection efficiency and measurement fidelity for a constant quality factor 
610bQ  . (c) Same as 

(b), but now  for a constant coupling  2 10kHzbg   . The dots  represent  the microwave cavity 

parameters proposed in Ref. [44]. The parameters of the optical cavity are  0.4    and 
610aQ   

in these simulations. 

One potential solution for further enhancement of the above‐calculated efficiency is 

to use an ensemble of NV centers instead of a single NV. In this case, the effective cooper‐

ativity scales as  HN , where  N   is the number of emitters and  H   is a collective coupling 
parameter that describes the ordering of the system. If all emitters are at the antinode of 

the  standing wave,  1H  .  If  they are  randomly distributed,  1 2H  . Assuming  that 

1H  , the effective cooperativity is: 

eff N    (9)

where     is  the single emitter cooperativity. Moreover, since  the coupling constant re‐

lates to the cooperativity according to Equation (5), the effective coupling constant is given 

by: 

effg N g   (10)

Using an ensemble of emitters will affect our results in two ways. First, by enhancing 

the microwave cavity coupling,  ,effb bg N g , it will improve the population transfer to 

s . Second, by enhancing the optical cavity cooperativity, it reduces cavity transmission 

and  scattering.  On  resonance,  the  transmission  and  scattering  probabilities  are 

Figure 4. Effects of the coupling, gb, and quality factor, Qb, of the microwave cavity: (a) Estimated
detection efficiency for a range of microwave cavity couplings and quality factors, (b) estimated
detection efficiency and measurement fidelity for a constant quality factor Qb = 106. (c) Same as
(b), but now for a constant coupling gb/2π = 10 kHz. The dots represent the microwave cavity
parameters proposed in Ref. [44]. The parameters of the optical cavity are η = 0.4 and Qa = 106 in
these simulations.

One potential solution for further enhancement of the above-calculated efficiency is to
use an ensemble of NV centers instead of a single NV. In this case, the effective cooperativity
scales as HN, where N is the number of emitters and H is a collective coupling parameter
that describes the ordering of the system. If all emitters are at the antinode of the standing
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wave, H = 1. If they are randomly distributed, 〈H〉 = 1/2. Assuming that H = 1, the
effective cooperativity is:

ηe f f = Nη (9)

where η is the single emitter cooperativity. Moreover, since the coupling constant relates to
the cooperativity according to Equation (5), the effective coupling constant is given by:

ge f f =
√

Ng (10)

Using an ensemble of emitters will affect our results in two ways. First, by enhancing
the microwave cavity coupling, gb,eff =

√
Ngb, it will improve the population transfer

to |s〉. Second, by enhancing the optical cavity cooperativity, it reduces cavity trans-
mission and scattering. On resonance, the transmission and scattering probabilities are
T = 1/(1 + Nηa)

2 and T = 2Nηa/(1 + Nηa)
2, respectively. Figure 5 shows how the gain

saturation depends on the effective optical cavity cooperativity and effective microwave
cavity coupling constant.
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strength in a detector comprising an ensemble of NV centers.

It should be noted that there are two main challenges when working with an ensemble
for the proposed scheme. First, the increased coupling in the optical cavity may reduce the
gain contrast. Second, inhomogeneous broadening will affect the coupling and transmission
spectra. To elaborate on the former challenge, as we know, cavity–atom coupling will cause
a dip in the transmission spectrum. As the coupling increases, the dip becomes wider.
Consequently, while higher cooperativities result in a system more robust to frequency
changes, it can lead to a reduction of the gain contrast. Regarding the second challenge,
according to the work of Diniz et al., the dip in the transmission spectrum for a cavity
coupled to an ensemble of NV centers disappears as the width of the broadening exceeds
the coupling strength [49]. Therefore, the appropriate number of NV centers in the ensemble
must be chosen based on a trade-off between inhomogeneous broadening and cooperativity
enhancement.

To see how the coupling constant of the microwave cavity affects the photon count
statistics and, in consequence, the fidelity and efficiency of the detector, a Monte Carlo simu-
lation was performed with 500 trajectories. Taking the quality factor to be Qb = 106, we can
see from Figure 4b that the lower bound on the coupling strength is gb/2π = 103 Hz, which
provides a detection efficiency of around 10% and a fidelity just larger than 50%. To achieve
a fidelity of at least 70%, we require the coupling strength to be gb/2π = 103.5 Hz. The
Monte Carlo simulations for these two values of gb, as well as the theoretically achievable
value of gb/2π = 104 Hz, are shown in Figure 6.
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Figure 6. Top row: Results of Monte Carlo simulations. The plots show the number of transmitted
photons when 25 photons are incidents on the cavity. The counts correspond to the number of
Monte Carlo trajectories. Bottom row: The detection efficiency and fidelity for different choices of the
threshold value. When the number of detected photons is above the threshold value, we conclude
that a microwave photon is present. The microwave cavity coupling decreases from left to right.

We can also look at how the number of incident photons will affect the measurement
fidelity since the more photons interacting with the NV center, the more likely it will scatter
out of the ground state. The maximum fidelity is shown in Figure 7, for gb/2π = 10 kHz
and Qb = 106. As can be seen in this figure, these microwave cavity parameters would
allow a fidelity of up to 90% to be achieved with the proposed scheme.
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Figure 7. The maximum achievable fidelity and corresponding efficiency vs. number of incident
photons.

Lastly, we investigate the effects of imperfect optical photon detection on the perfor-
mance of our detector. Figure 8a shows the adjusted histograms once we account for a
detector with 75% efficiency, which is slightly better than SPAD (~70% at 650 nm) and sits
comfortably within the performance of SNSPDs. The microwave detection fidelity and
efficiency are also plotted in Figure 8b. As can be seen in this figure, for smaller numbers
of incident photons, the detection efficiency will affect the measurement fidelity, as the
histograms have more overlap.
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Figure 8. (a) Adjusted histograms, accounting for imperfect optical photon detector. The microwave
parameters are gb/2π = 10 kHz and Qb = 106. (b) Fidelity and microwave detection efficiency for
the adjusted histograms.

4. Conclusions

To summarize, we presented a scheme for detecting single microwave photons using
a solid-state platform based on NV centers in diamond lattice simultaneously coupled
to two cavities—one optical and one microwave. The scheme employs dipole-induced
transparency (DIT) to optically read out the NV spin and consequently detect the presence
of microwave photons interacting with it. A Monte Carlo wave function (MCWF) analysis
was carried out, together with numerical integration of the governing Lindblad master
equation, to simulate the system’s dynamics. The simulations were based on the realistic
cavity parameters from the existing literature and tried to account for some potential
experimental imperfections. Measurement-related parameters, such as the number of
incident photons and gain threshold, were optimized using the obtained results. The
findings suggest that the proposed scheme can be potentially used to realize practically
useful solid-state detectors of single microwave photons operating with high fidelity and
efficiency, as required in quantum information processing and cryptography, as well as in
quantum sensing applications.

Author Contributions: Conceptualization, M.B., O.W., and C.W.; Methodology, O.W.; Investiga-
tion, O.W. and A.P.; Writing—original draft, A.P. and O.W.; Writing—review & editing, M.B. and
C.W.; Supervision, M.B. and C.W. All authors have read and agreed to the published version of
the manuscript.

Funding: Canada First Research Excellence Fund-Transformative Quantum Technologies (CFREF-
TQT); IQC Graduate Research Studentship; Laflamme and Gregson Award for Women in Quantum
Information Science.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rezus, Y.L.A.; Walt, S.G.; Lettow, R.; Renn, A.; Zumofen, G.; Götzinger, S.; Sandoghdar, V. Single-photon spectroscopy of a single

molecule. Phys. Rev. Lett. 2012, 108, 093601. [CrossRef] [PubMed]
2. Takesue, H.; Nam, S.W.; Zhang, Q.; Hadfield, R.; Honjo, T.; Tamaki, K.; Yamamoto, Y. Quantum key distribution over a 40-dB

channel loss using superconducting single-photon detectors. Nat. Photonics 2007, 1, 343–348. [CrossRef]
3. Gu, X.; Kockum, A.F.; Miranowicz, A.; Liu, Y.-X.; Nori, F. Microwave photonics with superconducting quantum circuits. Phys.

Rep. 2017, 718, 1–102.

https://doi.org/10.1103/PhysRevLett.108.093601
https://www.ncbi.nlm.nih.gov/pubmed/22463633
https://doi.org/10.1038/nphoton.2007.75


Materials 2023, 16, 3274 13 of 14

4. Clerk, A.; Lehnert, K.; Bertet, P.; Petta, J.; Nakamura, Y. Hybrid quantum systems with circuit quantum electrodynamics. Nat.
Phys. 2020, 16, 257–267. [CrossRef]

5. Pankratov, A.; Revin, L.; Gordeeva, A.; Yablokov, A.; Kuzmin, L.; Il’ichev, E. Towards a microwave single-photon counter for
searching axions. NPJ Quantum Inf. 2022, 8, 61. [CrossRef]

6. Barzanjeh, S.; Guha, S.; Weedbrook, C.; Vitali, D.; Shapiro, J.H.; Pirandola, S. Microwave quantum illumination. Phys. Rev. Lett.
2015, 114, 080503. [CrossRef] [PubMed]

7. Albertinale, E.; Balembois, L.; Billaud, E.; Ranjan, V.; Flanigan, D.; Schenkel, T.; Estève, D.; Vion, D.; Bertet, P.; Flurin, E. Detecting
spins with a microwave photon counter. arXiv 2021, arXiv:2102.01415.

8. Revin, L.S.; Pankratov, A.L.; Gordeeva, A.V.; Yablokov, A.A.; Rakut, I.V.; Zbrozhek, V.O.; Kuzmin, L.S. Microwave photon
detection by an Al Josephson junction. Beilstein J. Nanotechnol. 2020, 11, 960–965. [CrossRef] [PubMed]

9. Sathyamoorthy, S.R.; Tornberg, L.; Kockum, A.F.; Baragiola, B.Q.; Combes, J.; Wilson, C.M.; Stace, T.M.; Johansson, G. Quantum
nondemolition detection of a propagating microwave photon. Phys. Rev. Lett. 2014, 112, 093601. [CrossRef] [PubMed]

10. Inomata, K.; Lin, Z.; Koshino, K.; Oliver, W.D.; Tsai, J.-S.; Yamamoto, T.; Nakamura, Y. Single microwave-photon detector using
an artificial Λ-type three-level system. Nat. Commun. 2016, 7, 12303. [CrossRef]

11. Grimsmo, A.L.; Royer, B.; Kreikebaum, J.M.; Ye, Y.; O’brien, K.; Siddiqi, I.; Blais, A. Quantum metamaterial for broadband
detection of single microwave photons. Phys. Rev. Appl. 2021, 15, 034074. [CrossRef]

12. Barzanjeh, S.; De Oliveira, M.; Pirandola, S. Microwave Photodetection with Electro-Opto-Mechanical Systems. arXiv 2014,
arXiv:1410.4024.

13. Zhang, K.; Bariani, F.; Dong, Y.; Zhang, W.; Meystre, P. Proposal for an optomechanical microwave sensor at the subphoton level.
Phys. Rev. Lett. 2015, 114, 113601. [CrossRef] [PubMed]

14. Wong, C.H.; Vavilov, M.G. Quantum efficiency of a single microwave photon detector based on a semiconductor double quantum
dot. Phys. Rev. A 2017, 95, 012325. [CrossRef]

15. Ghirri, A.; Cornia, S.; Affronte, M. Microwave photon detectors based on semiconducting double quantum dots. Sensors 2020, 20,
4010. [CrossRef]

16. Doherty, M.W.; Manson, N.B.; Delaney, P.; Jelezko, F.; Wrachtrup, J.; Hollenberg, L.C. The nitrogen-vacancy colour centre in
diamond. Phys. Rep. 2013, 528, 1–45. [CrossRef]

17. Dutt, M.G.; Childress, L.; Jiang, L.; Togan, E.; Maze, J.; Jelezko, F.; Zibrov, A.S.; Hemmer, P.R.; Lukin, M.D. Quantum register
based on individual electronic and nuclear spin qubits in diamond. Science 2007, 316, 1312–1316. [CrossRef]

18. Clevenson, H.; Pham, L.M.; Teale, C.; Johnson, K.; Englund, D.; Braje, D. Robust high-dynamic-range vector magnetometry with
nitrogen-vacancy centers in diamond. Appl. Phys. Lett. 2018, 112, 252406. [CrossRef]

19. Cohen, D.; Nigmatullin, R.; Eldar, M.; Retzker, A. Confined Nano-NMR Spectroscopy Using NV Centers. Adv. Quantum Technol.
2020, 3, 2000019. [CrossRef]

20. Ma, Y.; Chen, J.; Wang, C. Growth of Diamond Thin Film and Creation of NV Centers. In Applications and Use of Diamond;
IntechOpen: London, UK, 2022.

21. Chang, H.-C.; Hsiao, W.W.-W.; Su, M.-C. Fluorescent Nanodiamonds; John Wiley & Sons: Hoboken, NJ, USA, 2018.
22. Waks, E.; Vuckovic, J. Dipole induced transparency in drop-filter cavity-waveguide systems. Phys. Rev. Lett. 2006, 96, 153601.

[CrossRef]
23. Li, B.; Li, P.-B.; Zhou, Y.; Ma, S.-L.; Li, F.-L. Quantum microwave-optical interface with nitrogen-vacancy centers in diamond.

Phys. Rev. A 2017, 96, 032342. [CrossRef]
24. Liu, T.; Zhao, J.-L.; Guo, B.-Q.; Wu, Q.-C.; Zhou, Y.-H.; Yang, C.-P. One-step implementation of a coherent conversion between

microwave and optical cavities via an ensemble of nitrogen-vacancy centers. Phys. Rev. A 2021, 103, 023706. [CrossRef]
25. Ghosh, A. Dynamics of a three-level atom interacting with a bimodal field in a resonant cavity. Int. J. Mod. Phys. B 2011, 25,

1091–1100. [CrossRef]
26. Grünwald, P.; Singh, S.; Vogel, W. Raman-assisted Rabi resonances in two-mode cavity QED. Phys. Rev. A 2011, 83, 063806.

[CrossRef]
27. Pasharavesh, A.; Bajcsy, M. Deterministic single-photon subtraction based on bi-exciton transitions of a quantum dot. In

Proceedings of the 2022 Photonics North (PN), Niagara Falls, ON, Canada, 24–26 May 2022; p. 1. [CrossRef]
28. Singh, S.K. Quantum dynamics and nonclassical photon statistics of coherently driven Raman transition in bimodal cavity. J. Mod.

Opt. 2019, 66, 562–570. [CrossRef]
29. Singh, S.K. Optical feedback-induced dynamics and nonclassical photon statistics of semiconductor microcavity laser. Appl. Phys.

B 2021, 127, 90. [CrossRef]
30. Sohail, A.; Ahmed, R.; Zainab, R.; Yu, C.-S. Enhanced entanglement and quantum steering of directly and indirectly coupled

modes in a magnomechanical system. Phys. Scr. 2022, 97, 075102. [CrossRef]
31. Yang, Z.-B.; Liu, J.-S.; Jin, H.; Zhu, Q.-H.; Zhu, A.-D.; Liu, H.-Y.; Ming, Y.; Yang, R.-C. Entanglement enhanced by Kerr nonlinearity

in a cavity-optomagnonics system. Opt. Express 2020, 28, 31862–31871. [CrossRef]
32. Sohail, A.; Hassan, A.; Ahmed, R.; Yu, C.-S. Generation of enhanced entanglement of directly and indirectly coupled modes in a

two-cavity magnomechanical system. Quantum Inf. Process. 2022, 21, 207. [CrossRef]

https://doi.org/10.1038/s41567-020-0797-9
https://doi.org/10.1038/s41534-022-00569-5
https://doi.org/10.1103/PhysRevLett.114.080503
https://www.ncbi.nlm.nih.gov/pubmed/25768743
https://doi.org/10.3762/bjnano.11.80
https://www.ncbi.nlm.nih.gov/pubmed/32647595
https://doi.org/10.1103/PhysRevLett.112.093601
https://www.ncbi.nlm.nih.gov/pubmed/24655250
https://doi.org/10.1038/ncomms12303
https://doi.org/10.1103/PhysRevApplied.15.034074
https://doi.org/10.1103/PhysRevLett.114.113601
https://www.ncbi.nlm.nih.gov/pubmed/25839267
https://doi.org/10.1103/PhysRevA.95.012325
https://doi.org/10.3390/s20144010
https://doi.org/10.1016/j.physrep.2013.02.001
https://doi.org/10.1126/science.1139831
https://doi.org/10.1063/1.5034216
https://doi.org/10.1002/qute.202000019
https://doi.org/10.1103/PhysRevLett.96.153601
https://doi.org/10.1103/PhysRevA.96.032342
https://doi.org/10.1103/PhysRevA.103.023706
https://doi.org/10.1142/S0217979211100126
https://doi.org/10.1103/PhysRevA.83.063806
https://doi.org/10.1109/PN56061.2022.9908365
https://doi.org/10.1080/09500340.2018.1554165
https://doi.org/10.1007/s00340-021-07632-7
https://doi.org/10.1088/1402-4896/ac6d21
https://doi.org/10.1364/OE.404522
https://doi.org/10.1007/s11128-022-03540-7


Materials 2023, 16, 3274 14 of 14

33. Camarneiro, F.; Bocquel, J.; Gallo, J.; Bañobre-López, M.; Berg-Sørensen, K.; Andersen, U.L.; Huck, A.; Nieder, J.B. Magnetic Field
Mapping Around Individual Magnetic Nanoparticle Agglomerates Using Nitrogen-Vacancy Centers in Diamond. Part. Part. Syst.
Charact. 2021, 38, 2100011. [CrossRef]

34. Steck, D.A. Quantum and Atom Optics; Daniel Adam Steck: Eugene, OR, USA, 2007.
35. Hanks, M.; Trupke, M.; Schmiedmayer, J.; Munro, W.J.; Nemoto, K. High-fidelity spin measurement on the nitrogen-vacancy

center. New J. Phys. 2017, 19, 103002. [CrossRef]
36. Mølmer, K.; Castin, Y.; Dalibard, J. Monte Carlo wave-function method in quantum optics. J. Opt. Soc. Am. B 1993, 10, 524–538.

[CrossRef]
37. Faraon, A.; Barclay, P.E.; Santori, C.; Fu, K.-M.C.; Beausoleil, R.G. Resonant enhancement of the zero-phonon emission from a

colour centre in a diamond cavity. Nat. Photonics 2011, 5, 301–305. [CrossRef]
38. Faraon, A.; Santori, C.; Huang, Z.; Acosta, V.M.; Beausoleil, R.G. Coupling of nitrogen-vacancy centers to photonic crystal cavities

in monocrystalline diamond. Phys. Rev. Lett. 2012, 109, 033604. [CrossRef] [PubMed]
39. Janitz, E.; Ruf, M.; Dimock, M.; Bourassa, A.; Sankey, J.; Childress, L. Fabry-Perot microcavity for diamond-based photonics. Phys.

Rev. A 2015, 92, 043844. [CrossRef]
40. Hausmann, B.J.M.; Shields, B.; Quan, Q.; Chu, Y.; De Leon, N.P.; Evans, R.; Burek, M.J.; Zibrov, A.S.; Markham, M.; Twitchen, D.J.;

et al. Coupling of NV centers to photonic crystal nanobeams in diamond. Nano Lett. 2013, 13, 5791–5796. [CrossRef] [PubMed]
41. Lee, J.C.; Bracher, D.O.; Cui, S.; Ohno, K.; McLellan, C.A.; Zhang, X.; Andrich, P.; Alemán, B.; Russell, K.J.; Magyar, A.P.; et al.

Deterministic coupling of delta-doped nitrogen vacancy centers to a nanobeam photonic crystal cavity. Appl. Phys. Lett. 2014, 105,
261101. [CrossRef]

42. Gould, M.; Schmidgall, E.R.; Dadgostar, S.; Hatami, F.; Fu, K.-M.C. Efficient extraction of zero-phonon-line photons from single
nitrogen-vacancy centers in an integrated gap-on-diamond platform. Phys. Rev. Appl. 2016, 6, 011001. [CrossRef]

43. Barclay, P.E.; Fu, K.-M.C.; Santori, C.; Faraon, A.; Beausoleil, R.G. Hybrid nanocavity resonant enhancement of color center
emission in diamond. Phys. Rev. X 2011, 1, 011007. [CrossRef]

44. Li, P.B.; Liu, Y.C.; Gao, S.Y.; Xiang, Z.L.; Rabl, P.; Xiao, Y.F.; Li, F.L. Hybrid Quantum Device Based on N V Centers in Diamond
Nanomechanical Resonators Plus Superconducting Waveguide Cavities. Phys. Rev. Appl. 2015, 4, 044003. [CrossRef]

45. Janitz, E.; Bhaskar, M.K.; Childress, L. Cavity quantum electrodynamics with color centers in diamond. Optica 2020, 7, 1232–1252.
[CrossRef]

46. Fuchs, G.D.; Dobrovitski, V.V.; Toyli, D.M.; Heremans, F.J.; Weis, C.D.; Schenkel, T.; Awschalom, D.D. Excited-state spin coherence
of a single nitrogen–vacancy centre in diamond. Nat. Phys. 2010, 6, 668–672. [CrossRef]

47. Kubo, Y.; Grezes, C.; Dewes, A.; Umeda, T.; Isoya, J.; Sumiya, H.; Morishita, N.; Abe, H.; Onoda, S.; Ohshima, T.; et al. Hybrid
quantum circuit with a superconducting qubit coupled to a spin ensemble. Phys. Rev. Lett. 2011, 107, 220501. [CrossRef] [PubMed]

48. Hopper, D.A.; Shulevitz, H.J.; Bassett, L.C. Spin readout techniques of the nitrogen-vacancy center in diamond. Micromachines
2018, 9, 437. [CrossRef] [PubMed]

49. Diniz, I.; Portolan, S.; Ferreira, R.; Gérard, J.; Bertet, P.; Auffeves, A. Strongly coupling a cavity to inhomogeneous ensembles of
emitters: Potential for long-lived solid-state quantum memories. Phys. Rev. A 2011, 84, 063810. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ppsc.202100011
https://doi.org/10.1088/1367-2630/aa8085
https://doi.org/10.1364/JOSAB.10.000524
https://doi.org/10.1038/nphoton.2011.52
https://doi.org/10.1103/PhysRevLett.109.033604
https://www.ncbi.nlm.nih.gov/pubmed/22861849
https://doi.org/10.1103/PhysRevA.92.043844
https://doi.org/10.1021/nl402174g
https://www.ncbi.nlm.nih.gov/pubmed/24156318
https://doi.org/10.1063/1.4904909
https://doi.org/10.1103/PhysRevApplied.6.011001
https://doi.org/10.1103/PhysRevX.1.011007
https://doi.org/10.1103/PhysRevApplied.4.044003
https://doi.org/10.1364/OPTICA.398628
https://doi.org/10.1038/nphys1716
https://doi.org/10.1103/PhysRevLett.107.220501
https://www.ncbi.nlm.nih.gov/pubmed/22182018
https://doi.org/10.3390/mi9090437
https://www.ncbi.nlm.nih.gov/pubmed/30424370
https://doi.org/10.1103/PhysRevA.84.063810

	Introduction 
	Theoretical Model 
	Results and Discussion 
	Conclusions 
	References

